Chapter 7
Mass Spectrometry

Igor A. Kaltashov and Cedric E. Bobst

Abstract Mass spectrometry is now an indispensable tool in the armamentarium of
molecular biophysics, where it is used for tasks ranging from covalent structure
determination to studies of higher order structure, conformational dynamics, and
interactions of proteins and other biopolymers. This chapter considers the basics of
biological mass spectrometry and highlights recent advances in this field (with par-
ticular emphasis on hydrogen exchange, chemical cross-linking, and native electro-
spray ionization mass spectrometry), evaluates current challenges, and reviews
possible future developments.

7.1 Physical Principles and Instrumentation

Mass spectrometry (MS) is one of the oldest methods of instrumental analysis in
chemistry, this year being the centennial of the construction of the first mass spec-
trometric device [1]. In addition to rather mundane applications related to molecular
mass measurements (as implied by its name), MS can be used for a variety of other
tasks, many of which are uniquely suited to address challenging questions in molec-
ular biophysics and structural biology. However, it was not until the advent of the
two ionization techniques capable of producing ions of large and polar molecules,
electrospray ionization (ESI), and matrix-assisted laser desorption/ionization
(MALDI), that MS became a commonly accepted tool in the armamentarium of
modern molecular biophysics.
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7.1.1 Methods of Producing Biomolecular Ions

MS is unique among the analytical techniques commonly applied to study biomo-
lecular structure and behavior in that the actual physical measurements are carried
out in vacuum or in the gas phase, where either electric field alone or its combina-
tion with a magnetic field are used to determine ionic mass-to-charge ratios (/7).
Placing a large biomolecular ion in vacuum is no trivial task, and the absence of
robust methods to do so were limiting the utility of MS in the biophysical arena until
the early 1990s.

7.1.1.1 Electrospray Ionization

The advent of ESI MS in the mid-1980s [2] provided a means to observe spectra of
intact proteins with no apparent mass limitation, an invention honored with a Nobel
Prize in Chemistry to John Fenn in 2002 [3]. Although the ESI phenomenon was
known and extensively studied for over a century, and the realization of its great
analytical potential in the macromolecular realm had become apparent as early as
1960s [4], the practical applications of this ionization technique were limited to
small biomolecules, such as nucleobases, amino acids [5], and short peptides [6, 7].
It was not until the demonstration of the ability of ESI to generate ionic signals for
protein molecules in the form suitable for MS analysis [8] that this technique rap-
idly gained acceptance and recognition among MS practitioners and quickly became
a tool of choice in a variety of studies of biomolecular structure.

ESI is a convoluted process, whose detailed discussion is beyond the scope of
this chapter. Briefly, the protein (or, generally speaking, any biopolymer) solution is
sprayed at atmospheric pressure in the presence of a strong electrostatic field, which
generates metastable electrically charged droplets of the solvent encapsulating the
protein molecules. Such droplets undergo a series of fission events, eventually pro-
ducing either solvent-free or partially solvated protein ions. A very distinct feature
of the ESI process is the accumulation of multiple charges on a single protein mol-
ecule, which leads to the appearance of multiple peaks in a mass spectrum even
when a single protein is present in solution (Fig. 7.1a, b). In most cases multiple
charging is the result of protonation of a number of different sites within the protein
molecule, although other ubiquitous charge carriers (such as Na*, K*, NH,*) may
also contribute. A set of ion peaks, each representing the same protein molecule and
differing from the rest by the extent of multiple charging, is usually referred to as a
charge state distribution. Determination of the protein mass based on the experi-
mentally measured charge state distribution is relatively straightforward, and can be
easily accomplished using a variety of deconvolution routines even if the mass spec-
trum contains several overlapping charge state distributions representing different
biomolecules.

Most ESI MS analyses are carried out in the positive ion mode (where biopoly-
mer molecules are represented in mass spectra with polycationic species), but one
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Fig. 7.1 ESI mass spectra of a peptide SWANGDEAR (a) and trypsin (b). The panels on the left
represent full-scan mass spectra, and the panels on the right show detailed views of a single charge
state (the three traces in each case represent mass spectra acquired with a triple quadrupole MS,
hybrid quadrupole/TOF MS, and FT ICR MS), with the insets showing zoomed views of mass
spectra acquired with quadrupole/TOF and FT ICR MS. Note that although the resolving power of
TOF is sufficient to resolve isotopic peaks of the peptide ion, it fails to detect the presence of a
degraded (de-amidated) form of this peptide (between m/z 503.7 and 503.8). Isotopic distribution
of trypsin ions can only be resolved by FT ICR MS, although both quadrupole/TOF and FT ICR
MS can resolve contributions of three different isoforms of this protein

can easily produce polyanionic species as well simply by switching the polarity of
the ESI source. In this case multiple charging of macromolecules will be achieved
by removing labile protons from the analyte molecule (de-protonation). While pro-
teins are usually analyzed by ESI MS in the positive ion mode, switching to the
negative ion mode could be advantageous for certain other biopolymers, such as
nucleic acids. It must be stressed, however, that for any biopolymer both positive
and negative ion spectra can be produced, and the charge state distributions in these
spectra do not reflect the charge balance in solution [9].

7.1.1.2 MALDI
Another approach to producing macromolecular ions and transferring them to vac-

uum was introduced at about the same time ESI MS was developed; unlike ESI it
produces ions not from the bulk of the solution, but from the interface of a
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condensed phase (usually solid crystals) and the vacuum. This task is accomplished
by mixing the analyte molecules with an excess of UV light-absorbing small organic
molecules, which form the sample matrix, followed by irradiation with a UV laser
beam. This results in rapid local heating of the matrix and subsequent ejection of a
plume containing both matrix and analyte molecules from the solid surface to the
gas phase and their ionization. This technique, presently known as MALDI was
developed simultaneously by Koichi Tanaka [10] and Franz Hillenkamp and
Michael Karas [11].

Biopolymer ions produced by MALDI can also carry multiple charges; however,
the extent of protonation is significantly below that achieved with ESI. Generally,
MALDI MS surpasses conventional ESI MS in terms of sensitivity and is more
tolerant to salts. Superior sensitivity, relative simplicity of operation, and ease of
automation have made it a top choice as an analytical technique for a variety of
proteomics-related applications. On the other hand, MALDI mass spectra generally
are not as reproducible as ESI mass spectra. Also, interfacing MALDI with separa-
tion techniques, such as liquid chromatography (LC), is more difficult than coupling
LC to ESI MS.

7.1.2 Mass Measurements

Mass (or, more precisely, mass-to-charge ratio, m/z) of an ion can be determined by
MS, because this characteristic of a charge-carrying particle uniquely defines its
trajectory in electric (E) and magnetic (B) fields, as well as their combinations:

mr7 = ze(E +[Fx B]). (71.1)

Here ze is the ionic charge expressed as a multiple of the elementary charge e
(1.6022x 107" C in SI), m is its mass, while the first and second time derivatives of
the trajectory vector represent its velocity and acceleration, respectively. Mass mea-
surements are actually carried out by first separating the ions (either spatially or
temporally) according to their m/z ratios, followed by detection of each type of ion,
although other schemes exists where no physical separation of ions is required prior
to their detection and mass measurement (vide infra).

The ionic m/z ratio measured by MS in most cases can be easily converted to
the ionic mass (after taking into the account the multiple charging effect) and,
ultimately, to the molecular mass of the analyte (after taking into the account the
finite mass of the charge carriers, residual solvent, and other adducts). The notion
of molecular mass (measured in unified atomic mass units, defined by IUPAC as
1/12 of the mass of a '2C atom in its ground state, u~ 1.660 5402(10) x 10-?" kg) is
closely related to the concept of molecular weight, a sum of the atomic weights of
all atoms in a given molecule. However, the atomic weight of an element is a
weighted average of the atomic masses of all of its stable isotopes, and the isoto-
pic make-up is implicitly included in the definition. Contributions of isotopes are
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not necessarily averaged out when ionic masses are measured by MS, and in many
cases such measurements produce a distribution of masses, rather than a single
value. This, of course, depends on the physical size of the analyte molecule and
the mass resolution characteristics of the MS instrument (vide infra). Most mod-
ern MS instruments are capable of resolving isotopic distributions for relatively
short peptides (Fig. 7.1a), while accomplishing the same task for proteins requires
more technologically advanced (and alas, more expensive) instrumentation
(Fig. 7.1b).

To avoid ambiguity in reporting molecular masses, one can use the notion of an
average mass, which is calculated based on the entire isotopic distribution and is
closely related to the molecular weight as used elsewhere in chemistry and related
disciplines. In some applications, however, a monoisotopic mass would be a pre-
ferred way of reporting the molecular mass with high precision and accuracy (it is
calculated based on contributions only from the lightest isotope for each element).
Obviously, the use of the monoisotopic mass in reporting the MS measurement
results is justified only if the resolution is high enough to afford separation of isoto-
pic peaks in the mass spectra and the monoisotopic peak is one of the most abundant
peaks in the distribution.

7.1.3 Tandem Mass Spectrometry

The most attractive features of both ESI and MALDI are their ability to generate
intact macromolecular ions in the form suitable for mass measurement. However,
this information is not sufficient in most instances for unequivocal identification of
even small peptides, let alone large macromolecules. This task requires at least
some knowledge of the covalent structure, which can be obtained by inducing dis-
sociation of macromolecular ions and measuring the masses of the resulting frag-
ment ions. Since most proteins and peptides are linear polymers, cleavage of a
single covalent bond along the backbone generates a fragment ion (or two comple-
mentary fragment ions if the charge of the precursor ion z=2 or higher) classified as
an a-, b-, c- or x-, y-, z-type [12, 13], depending on (1) the type of the bond cleaved
and (2) whether the fragment ion contains an N- or C-terminal portion of the peptide
(Fig. 7.2). Ion dissociation is usually carried out following isolation of the ion of
interest from other ionic species that may be present in the mass spectrum. This
approach, known as tandem mass spectrometry or MS/MS, allows the fragment ion/
precursor ion correlation to be established easily [14] and is indispensable for many
biophysical applications of MS (vide infra).

The majority of tandem MS experiments employ various means of increasing
internal energy of the precursor ion to induce its dissociation. Collisional activation
remains the most widely used method of elevating ion internal energy [15], which
typically yields b- and y-ions, although collision-induced dissociation (CID) at
high energy may also lead to formation of other fragments, particularly a- and
x-type (Fig. 7.3a, b). Excitation of ions leading to their dissociation can also be
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Fig. 7.2 Biemann’s nomenclature of peptide ion fragments [12]. Fragment ions shown in gray
boxes correspond to either complete or partial loss of the side chains and are usually observed only
in high-energy CID

achieved using other means, such as interaction with photons (a technique known
as infrared multi-photon dissociation, IRMPD [16]) or with electrons (two closely
related techniques, known as electron capture dissociation, ECD [17] and electron
transfer dissociation, ETD [18]). While the outcome of IRMPD is usually very
similar to low-energy CID, ECD, and ETD typically generate c- and z-fragments,
and often provide more extensive sequence coverage in polypeptides compared to
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Fig. 7.3 High-energy CID (a), low-energy CID (b), and ECD (c) fragmentation spectra of a
2.8 kDa melittin peptide. Only the most abundant fragment ions are labeled in the spectra

conventional CID (Fig. 7.3c). Another very attractive feature of electron-based
fragmentation techniques is their ability to preserve labile groups introduced
through posttranslational modification (PTM) of proteins and cleave disulfide bonds
in peptide polycations [19], a challenging task when other methods of ion activation
are employed. The fragmentation patterns produced by ECD and ETD are fre-
quently complementary to the CID-generated fragments [20], hence the benefit of
using multistage fragmentation (the so-called MS" experiments) consisting of both
CID and ECD (or ETD).
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7.1.4 Common Types of Mass Analyzers

As has been already mentioned in this chapter, m/z measurements of macromolecu-
lar ions by MS rely on the unique dependence of the ionic trajectory in electric and
magnetic fields on this parameter as shown in equation (7.1). The practical imple-
mentation of this principle takes a wide variety of approaches, hence a great number
of mass analyzers which differ from each other not only by the amount and quality
of information that can be extracted from mass measurements but also by price.
Given the obvious space limitations of this volume, we cannot provide extensive
coverage of all available types of mass analyzers, but instead focus our attention on
three different types representing the ends and the middle of both performance and
price scales. These are quadrupole, time-of-flight (TOF), and Fourier transform ion
cyclotron resonance (FT ICR) mass spectrometers.

7.1.4.1 Quadrupole, Triple Quadrupole, and Ion Trap MS

Strictly speaking, quadrupole MS should be called a mass filter, rather than a mass
analyzer, since the dynamic quadrupolar electric field employed by this device
allows ions within a narrow m/z range to be transmitted through this device and
eventually reach a detector, while all other ions assume unstable trajectories and are
lost prior to detection (Fig. 7.4). The m/z range of a typical quadrupole MS is lim-
ited to 4,000 (with many commercial instruments having even less generous m/z
limits). The mass resolution of a quadrupole MS is not constant across the m/z scale,
and rarely exceeds the level of several thousands. On the other hand, these devices
provide good sensitivity and are capable of obtaining mass spectra fast enough to
allow direct coupling to LC. MS/MS experiments can be carried out if three quad-
rupoles are arranged in tandem (a configuration referred to as QqQ, or so-called
triple quadrupole MS). The first quadrupole is set to transmit ions of certain m/z
value (precursor ions), while the second is used as a collision cell and transmits all
ions (precursor and CID fragments) into the third quadrupole, which is scanned to
obtain a fragment ion spectrum.

Other MS/MS experiments can be designed; for example, the third quadrupole
can be set to allow the transmission of fragment ions at certain m/z values, while
the first quadrupole is scanned. Mass spectra acquired in this mode contain peaks
of all ions whose fragmentation gives rise to a selected fragment (the so-called
precursor ion scans). Alternatively, scanning both first and third quadrupole filters
at the same rate but with a fixed m/z offset while generating fragment ions in the
second nondiscriminating quadrupole produces a spectrum of ions that undergo
fragmentation via loss of a specific neutral fragment (the so-called constant neutral
loss scans). Triple quadrupole mass spectrometers are indispensible in applications
that require quantitation of both small organic and biological analytes to be carried
out. However, modest resolution and m/z range of such mass spectrometers limit
their use in biophysical and structural biology studies, although these devices are
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often interfaced with other (higher-end) mass analyzers to produce hybrid mass
spectrometers.

Quadrupolar devices can also be used to construct a different type of a mass
analyzer, one where instead of being analyzed in a single pass through the dynamic
quadrupolar field region, ions are stored (trapped) for prolonged periods of time
[21]. The simplest design of such an ion trap is a segmented quadrupole (based on
a triple quadrupole design), in which the central pressurized segment confines the
ions radially in a dynamic (radio frequency) quadrupolar field, while the terminal
segments provide repulsive DC potentials at either end that prevents the ions from
escaping the central quadrupole in the axial direction. An alternative design (which
is frequently referred to as a 3D ion trap to distinguish it from the linear trap
described above) can be viewed as a single quadrupole filter that has been made
into a toroidal device by connecting the opposite ends of each quadrupole rod and
then “collapsing” this four-ring structure towards its axis of radial symmetry. In
this case only one ring (the furthest from the axis) remains a ring, while the one
closest to the axis completely disappears, and two other rings become endcaps
flanking the remaining ring. This three-electrode system can be used to create a 3D
quadrupolar electrical field, which confines ions within this device, a process that
is greatly facilitated by the presence of He gas, which remove excess energy from
ions via the so-called collisional damping [22, 23]. Gradual variation of electrode
potentials destabilizes the trapped ions in an m/z-sensitive fashion and forces them
to leave the confines of the trap, a feature that enables both MS measurements and
precursor ion selection for MS/MS experiments; this field-induced external excita-
tion can also be used to ramp-up the energy of the ions, which is then converted to
internal energy upon collisions with He atoms, and eventually leads to ion disso-
ciation [22-25].

A very significant advantage of both types of ion trapping devices described
above over their progenitor quadrupole MS is that MS/MS measurements can be
carried out within a single analyzer, without the need to have a dedicated collision
cell and a second mass analyzer. Furthermore, any of the fragment ions produced in
the course of an MS/MS experiment can also be isolated in the trap, collisionally
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activated and fragmented, followed by the acquisition of a mass spectrum of the
second generation of fragment ions. This process can be repeated any number of
times, as long as the number of ions remaining in the trap is high enough to provide
a usable signal-to-noise ratio. Such experiments are referred to as multi-stage
tandem MS, or simply MS". Due to significant improvements in the performance of
ion traps in the past 2 decades, ease of operation and relatively low cost, they have
become very popular, both as standalone mass spectrometers and as part of hybrid
instruments. Limitations of ion traps are similar to those of quadrupole MS: modest
mass resolution and relatively low upper limit of the m/z range where MS (and MS/
MS) data can be collected.

7.1.4.2 TOF MS and Hybrid Quadrupole/TOF MS

Ion separation in the TOF MS is based on the fact that the velocity v of an ion accel-
erated in an electrostatic field will be determined by the magnitude of the accelera-
tion potential U, and the ionic m/z ratio. Measuring the time period needed to
traverse a field-free drift region of length D would then allow the ionic m/z ratio to

be determined:
D
(=2 - |-" _p (7.2)
v 2zeU,

This approach, however, results in relatively poor mass resolution, mostly due
to a significant spread of ionic kinetic energies prior to acceleration. To correct this,
several approaches can be used, where energy focusing of the ions is done by
delaying ion acceleration using pulsed (delayed) extraction [26] or by using the
so-called ion mirror or reflectron [27]. The principle of the reflectron operation is
illustrated in Fig. 7.5: if two identical ions have different velocities, the faster ion
will penetrate deeper into the decelerating region of the reflectron, and its overall
trajectory path will be longer. After its reemergence from the reflectron, this ion
would still have a higher velocity, but it will be lagging behind the slower ion due
to spending longer time in the decelerating region. Such relatively simple single-
stage reflectrons can only perform first order velocity focusing, but more sophisti-
cated devices (e.g., double stage ion mirrors) can provide velocity focusing to a
higher order [28, 29].

Reflectrons also allow MS/MS measurements to be carried out with a single TOF
mass analyzer [28], although a combination of two TOF analyzers or a hybrid
instrument consisting of TOF and another, lower resolution, mass analyzer (such as
a quadrupole MS) usually offer more flexibility in experiment design and deliver
better data quality. A hybrid quadrupole-TOF instrument is a particularly popular
configuration, which is offered by several manufacturers of MS instrumentation.
Typically, a front-end quadrupole is used for mass-selection of precursor ions, fol-
lowed by an RF-only quadrupole serving as a collision cell, the fragment ions are
then analyzed with high resolution by a reflectron-equipped TOF section of the
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Fig. 7.5 Schematic diagrams of linear (fop) and single-stage reflectron (bottom) time-of-flight
mass spectrometers

instrument. MS1 measurements are carried out by operating both quadrupole seg-
ments in the RF-only mode, so that they only serve as ion guides; all mass measure-
ments are carried out by the TOF analyzer, which offers both better resolution
(>10,000) and m/z range vastly superior to that of the quadrupole MS.

7143 FTICRMS

FT ICR MS is an example of a high-performance mass spectrometer employing an
ion trapping mass analyzer. However, unlike its relatively inexpensive cousins, the
quadrupolar ion trap and linear ion trap considered in Sect. 1.4.1, it offers unparal-
leled mass resolution and unmatched mass accuracy (another high-performance
mass analyzer based on the ion trapping principle is the orbitrap MS [30, 31]). Ion
trapping is achieved in FT ICR MS by using a combination of electrostatic and
magnetic fields, as shown in a schematic form in Fig. 7.6. A DC potential applied to
the front and back plates of the cubic cell restricts the ionic motion along the z-axis,
essentially locking the ions in the cell following their injection from the external
source. A strong magnetic field (typically 4.7-12.0 T) applied in the direction of the
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Fig. 7.6 Principal of ion trapping, broadband excitation and detection in FT ICR MS. Reproduced
with permission from [132]

z-axis exerts a Lorentz force on the trapped ions, which acts as a centripetal force,
inducing a circular (cyclotron) motion in the (x, y) plane. The frequency of the
cyclotron motion ®, is independent of the ionic energy, but is uniquely determined
by its m/z ratio and the strength of the magnetic field B:

_2B

c >

m

(7.3)

providing the physical basis of the mass measurement. Since frequency is a physi-
cal parameter that can be measured very accurately, mass spectrometers based on
the principle of cyclotron motion can provide the highest accuracy in m/z
measurements.

Ion detection in FT ICR MS is done by measuring the magnitude of the image
current induced on the detection plates by the ion orbiting in the space between
them (Fig. 7.6). Since unsynchronized motion of a large number of ions generates
zero net current, ion detection must be preceded by ion excitation (e.g., by applying
a uniform harmonic electric field in the direction orthogonal to the magnetic field).
If the field frequency is the same as the cyclotron frequency of the orbiting ions,
they will be synchronized (brought in phase with the field). Such resonant excitation
also elevates ion kinetic energy, increasing the radii of their orbits, which leads to
the increase of the image current induced by each ion. Synchronized ions of the
same m/z ratio induce an image current, whose angular frequency o is equal to their
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cyclotron frequency o, and the current amplitude is proportional to the number of
ions in the cell [32]. If several types of ions (with different m/z ratios) are present in
the cell, their excitation/synchronization requires application of a broadband chirp
as opposed to a harmonic signal, and the resulting image current is a superposition
of several sinusoidal signals (the actual cyclotron frequency in a real ICR cell is
lower than o, due to the influence of a trapping electrostatic potential). Fourier
transformation of such a spectrum allows the cyclotron frequencies of all ions to be
determined and their m/z values calculated (Fig. 7.6).

Apart from ultra-high mass resolution and accuracy, a great advantage offered by
FT ICR MS over most other mass analyzers is that it allows all ions across a wide
m/z range to be detected (1) simultaneously within a very short period of time and
(2) in a nondestructive fashion. The latter feature allows the data acquisition to be
carried out with the same ion population over an extended period of time using
multiple remeasurements, forming the basis of the MS" (as opposed to MS/MS or
MS?) experiments. Ion isolation in the ICR cell can be achieved using inverse FT
(from the frequency to the time domain), and fragmentation of the isolated ions can
be induced by either collisional activation or electron capture (other methods of ion
activation, such as IRMPD, are also available). Combining FT ICR MS with another
mass analyzer (e.g., quadrupole) as a front end leads to further expansion of the
repertoire of the ion fragmentation techniques, e.g., by allowing ETD to be carried
out under conditions of relatively high pressure prior to introduction of fragment
ions to the ICR cell for either high-resolution mass analysis or interrogation with
orthogonal ion fragmentation techniques that can be performed in the high-vacuum
environment of the ICR cell. Combination of several ion fragmentation techniques
in one experiment often provides significant improvement of the sequence coverage
of macromolecular ions [33].

7.2 Analysis of Covalent Structure

7.2.1 Covalent Structure of Polypeptides and Proteins

Tandem mass spectrometry provides the means to obtain information on covalent
structure of polypeptides and proteins by employing a combination of various
MS-based techniques. Typically, these are grouped in two broad categories, the so-
called bottom-up and top-down approaches, which are considered in the following
sections.

7.2.1.1 Polypeptide Sequencing: The Bottom-Up Approach

The classical approach to polypeptide sequencing by MS relies on enzymatic cleav-
age of a protein to relatively short peptides, followed by their separation by LC and
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Fig. 7.7 An example of using LC/MS/MS to obtain protein sequence information. A purified
66 kDa protein bovine serum albumin has been digested with trypsin, followed by separation of
proteolytic fragments on a reversed-phase (C,5) column with online ESI MS detection. The black
trace in the fop panel shows the total ionic signal recorded by ESI MS as a function of the elution
time, while the red and blue traces represent ionic signals at two specific m/z values, which corre-
spond to two proteolytic peptide ions, TCVADESHAGCEK® (charge state +3; both cysteine side
chains are fully reduced and methylated) and TVMENFVAFVDK?>* (charge state +2). The MS/
MS spectra of these two peptide ions acquired in a data-dependent fashion (by selecting the most
abundant ion in MS1 spectrum as a precursor for CAD) are shown in the bottom panels. All struc-
turally diagnostic ions are labeled in the mass spectra, and the corresponding backbone cleavage
positions are shown within each peptide’s sequence

analysis of their structure using MS/MS methods [34]. The chromatographic step is
usually combined with MS and/or MS/MS analysis, which frequently allows a great
wealth of sequence information to be obtained in a single LC/MS/MS experiment
(Fig. 7.7). The entire procedure can be automated on most commercial instruments,
which allows MS/MS operation to be performed in a data-dependent fashion, while
the data interpretation step is frequently assisted by database searches. The latter
allows peptides and proteins to be identified even if the fragmentation patterns con-
tain significant sequence gaps.
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7.2.1.2 Polypeptide Sequencing: The Top-Down Approach

The top-down approach to polypeptide and protein sequencing completely bypasses
the enzymatic degradation step, with all structural information derived from disso-
ciation of the intact protein or polypeptide ion in the gas phase [35]. While this
approach has been used successfully by many groups to obtain sequence informa-
tion on relatively small proteins (<30 kDa), its application to larger proteins is not
straightforward even when high-end instrumentation is used. Nevertheless, success-
ful utilization of this methodology was demonstrated for identification of proteins
beyond 500 kDa [36], although such examples remain very rare.

7.2.1.3 Posttranslational Modifications

Analysis of PTM of proteins is another area where MS-based methods of analysis
are now playing a major role. Due to the labile nature of many PTMs, application of
traditional MS/MS approaches to identify specific modifications and localize them
within the protein sequence meets only with limited success. For example, colli-
sional activation of glyco- and phospho-peptides frequently leads to facile removal
of PTM moieties prior to cleavage of the peptide backbone, leaving no mass tags on
amino acid residues that were modified and making their identification a challeng-
ing task. However, the electron-based ion dissociation techniques (such as ECD and
ETD) allow this conundrum to be solved, since the fragmentation events are highly
localized and do not require accumulation of vibrational energy within the peptide
ion over an extended period of time (as does CAD).

7.2.1.4 Covalent Structure of Other Biopolymers

While the analysis of protein covalent structure by MS-based methods gained the
most recognition and is in fact the default approach to obtaining both amino acid
sequence information and mapping PTMs, structural analysis of other biopolymers
also benefitted enormously from recent improvements in MS hardware and method-
ology. For example, both MALDI and ESI MS had been used successfully to mea-
sure masses of intact RNA molecules and other nucleic acids; however, these
analyses frequently present a number of challenges, mostly due to the ability of the
phosphodiester backbone of nucleic acids to form adducts with alkali and alkaline
earth metal cations. This typically leads to very broad peaks in mass spectra
(Fig. 7.8), although extensive buffer exchange into volatile ammonium salts to dis-
place metal cations, desalting by metal chelation or HPLC can improve the spectral
quality. Sequence information can be obtained by means of MS/MS, or simply by
inducing fragmentation in the ionization source, e.g., by increasing the laser power
in MALDI measurements. Dissociation of nucleic acids along the phosphodiester
backbone produces structurally diagnostic ions, and these fragment ion ladders
(Fig. 7.9) can be used to determine the oligonucleotide sequence. This approach to
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Fig. 7.9 Prompt fragmentation in MALDI MS: UV-MALDI spectra of an oligonucleotide strand
acquired at increased (fop trace) and moderate laser power. Adapted with permission from [132]
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oligonucleotide sequencing is analogous to how peptide fragmentation patterns
reveal the amino acid sequence (vide supra), although it currently remains practical
only for relatively short oligonucleotides.

MS/MS methods can also be applied to obtain information on covalent structure
of another type of biopolymer, polysaccharides, although these analyses tend to be
less straightforward. Dissociation of polypeptide and short oligonucleotide ions
tends to follow well-defined pathways, primarily occurring along the backbone. This
conveniently generates structurally diagnostic fragments from which the sequence
of the intact biopolymer can be derived. By contrast, dissociation of carbohydrate
ions frequently leads to much more complex fragmentation patterns. Chemical bond
fission commonly occurs not only between saccharide units but also across the gly-
cosidic ring [37], and multiple rearrangement pathways are available to activated
species that render analysis of tandem MS data extremely complex. Further compli-
cation arises due to the fact that unlike polypeptides and oligonucleotides, polysac-
charides in general are not linear polymers, and the presence of multiple branching
points makes the interpretation of MS/MS data a challenging task. Data analysis can
be simplified by inducing fragmentation of polysaccharide ions with low-energy
collisional activation, which typically leads to dissociation of glycosidic bonds,
while leaving the rings intact. Fragmentation processes are also strongly influenced
by the nature of the parent ion (alkali metal cationized species produce different
fragmentation patterns compared to protonated species). Additional information can
be also gained by using various chemical derivatization techniques.

Glycopeptides are another area of great interest and their structural analysis
entails localization of glycosylation sites within the polypeptide chain in addition to
structural studies of the carbohydrate moieties. Glycosylation site analysis is typi-
cally carried out by identifying glycopeptides among proteolytic fragments (e.g., by
comparing peptide maps for intact and de-glycosylated protein). If peptide mapping
of de-glycosylated protein is not feasible (e.g., due to poor solubility of the
carbohydrate-free form of the protein), glycopeptides can be identified in the digest
of intact glycoprotein by observing characteristic losses (e.g., 162 Da for hexose resi-
dues) in survey MS/MS spectra obtained with low-energy CID of peptide ions, since
the labile nature of glycosidic bonds in the gas phase leads to their facile dissociation
(vide supra). Precise localization of glycosylation sites can be accomplished with
electron-based ion fragmentation techniques, as they preferentially cleave peptide
backbone, leaving the carbohydrate chains mostly intact [38]. Complete determina-
tion of structure (especially with novel glycans) frequently requires the use of
orthogonal methods, such as NMR and X-ray crystallography in addition to MS [39].

7.3 Analysis of Higher Order Structure with MS Tools

The ability of various MS-based techniques to examine covalent structure of proteins,
other biopolymers and their derivatives also makes them indispensable in the studies
of the higher order structure and conformational dynamics of such macromolecular
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systems, which rely on various chemical probes (such as chemical labeling and cross-
linking studies, to be considered later in this section). Furthermore, the unique ability
of ESI to generate biomolecular ions directly from solutions kept under physiologi-
cally relevant conditions provides other opportunities to examine higher order archi-
tecture, dynamics and interactions of biopolymers, as detailed below.

7.3.1 Direct ESI MS Measurements: Characterization
of Non-covalent Interactions by ESI MS

Both ESI and MALDI are rightfully credited as being soft ionization techniques,
since they allow intact biopolymers to be transferred from a condensed phase to the
vacuum without damaging their covalent structure. Furthermore, it was recognized
soon after the introduction of these techniques into the mainstream of bioanalysis
that ESI is also capable of generating ions representing intact non-covalent macro-
molecular complexes if the transition from solution to the gas phase is carried out
under mild desolvation conditions in the ESI MS interface. The two parameters that
are most critical for the survival of non-covalent complexes upon this transition are
the ESI interface temperature and the electrical field in the ion desolvation region,
which determines the average kinetic energy of ions undergoing frequent collisions
with neutral molecules in this region. Keeping these parameters at relatively low
levels allows the composition and stoichiometry of macromolecular assemblies to
be determined reliably and with minimal sample consumption (Fig. 7.10). Not only
can such experiments provide information on the stoichiometry of multi-protein
complexes [40—44], but they may also reveal the presence of smaller ligands (e.g.,
metal ions and small organic molecules) within these non-covalent assemblies (see
the right-hand panel in Fig. 7.10).

Reducing the efficiency of ion desolvation to ensure the survival of non-covalent
complexes in ESI MS is needed in order not only to avoid collisional excitation of
these species in the gas phase but also to preserve a layer of residual solvent mole-
cules and small counterions, which are often critical for the survival of large macro-
molecular complexes in the gas phase [45, 46]. A frequent (and unfortunate)
consequence of less-than-optimal ion desolvation in ESI MS interface is a decrease
of the accuracy of mass measurements, a problem that can be dealt with very effec-
tively by supplementing mild ESI MS measurements with those carried out under
harsher conditions [47]. Although the latter step leads to partial dissociation of non-
covalent complexes in the gas phase (Fig. 7.11), the surviving assemblies have
lower residual solvation, and a stepwise increase of the electrostatic field in the
interface region eventually results in dissociation of cofactors from the subunits,
thereby allowing low molecular weight species present in each subunit to be identi-
fied and the stoichiometry established.

The ability of ESI MS to preserve non-covalent interactions has been used in the
past two decades in numerous studies aimed at establishing quaternary structure of
protein complexes [48]. These range from relatively modest structures to large



M4+16

100 .
M*15 M 18 (NiM),*16
~
i
<~
=
75 T | 1
)
e 2
o] Mm*12 +
E s
3 50+
©
2
‘é M+8
E |
o5 I . "
1000 1500 2000 2500 m/z 3760 3780 3800 3820 3840 m/z
0 et e, el WMoy M S g
1000 2000 3000 4000 5000 m/z
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Fig. 7.11 ESI mass spectra of bovine hemoglobin acquired under very mild desolvation condi-
tions (gray trace) to preserve all non-covalent complexes and with elevated collisional activation
in the ESI interface (black trace) to enhance ionic desolvation. Note the mass shifts of ionic peaks
corresponding to tetramers (a*p*), and dimers o*p* due to removal of a substantial fraction of
residual solvent molecules. Products of gas phase fragmentation are indicated with white circles
(not observed under the mild desolvation conditions)
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macromolecular assemblies whose molecular weight exceeds 1 MDa, such as intact
ribosomes [49] and viral capsids [43]. This approach has also been extremely suc-
cessful in probing other types of physiologically relevant non-covalent interactions,
such as protein—receptor binding [50]. ESI MS can also be used to monitor changes
in the composition of non-covalent associations in response to environmental fac-
tors (such as solvent composition, protein concentration, etc.). This is illustrated in
Fig. 7.12 with acid-induced dissociation of dimeric hemoglobin from a mollusk
Scapharca, where the onset of subunit dissociation clearly manifests itself via the
appearance of the ionic signal representing globin monomers. Consequent dissocia-
tion of the heme group from the polypeptide chain is manifested by a mass shift of
globin monomer ions corresponding to a loss of ca. 617 Da. Early stages of protein
aggregation can also be monitored by ESI MS, e.g., by observing appearance of
oligomeric protein ions in ESI MS in response to heat stress [51].

7.3.2 Ionic Charge State Distribution as an Indicator
of Protein Compactness in Solution

So far, our discussion has been focused solely on changes of the ionic mass in ESI
MS as an indicator of the changes in the protein architecture in solution. However,
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careful examination of ESIT MS data presented in Fig. 7.12 reveals another inter-
esting phenomenon in addition to the dimer-to-monomer transition triggered by
the acidification of the protein solution. Unlike the charge state distribution of
dimer ions (a*),, which remains narrow and contains only three charge states
(+11, +12, and +13) as long as the dimer ions can be detected in the mass spectra,
the charge state distributions of the monomer ions (both with and without the
heme group, a* and a) evolve as the solvent conditions change and become very
convoluted below pH 5. The distributions of ionic charges of both of these spe-
cies at pH 4 are bimodal, a feature that is usually attributed to the coexistence of
two or more protein conformations in solution [9]. Native or near-native protein
structures are usually very compact, and they can accommodate only a limited
number of charges upon their transfer from solution to the gas phase. At the same
time, even partial unfolding of a polypeptide chain results in an increase of the
solvent-accessible surface area, which allows a significantly higher number of
charges to be accommodated by the protein upon its transfer to the gas phase.
Native and nonnative protein states often coexist at equilibrium under mildly
denaturing conditions; in such situations protein ion charge state distributions in
ESI MS become bimodal (as can be seen in the two top panels in Fig. 7.12),
reflecting the presence of both native and denatured states. Therefore, dramatic
changes of protein charge state distributions often serve as gauges of large-scale
conformational changes.

The less compact the protein becomes, the higher the extent of multiple charging
of the ions representing these conformers in ESI MS: as can be seen in Fig. 7.12,
continuing acidification of the protein solution results in expansion of the charge
state envelope of globin monomers (e.g., the mass spectrum acquired at pH 3 con-
tains charge states +25 and higher, which are not present in the spectrum acquired
at pH 4). This behavior may be indicative of the presence of several nonnative con-
formers in solution; however, making a distinction between the contributions made
by such (partially) unfolded species to the total ionic signal is not very straightfor-
ward. Therefore, changes in the protein ion charge state distributions are frequently
regarded as qualitative indicators of re- or denaturation that do not provide much
information beyond loss or gain of the native fold.

This problem can be addressed at least in some cases using a procedure that
utilizes chemometric tools to extract semiquantitative data on multiple protein
conformational isomers coexisting in solution under equilibrium [52, 53].
Experiments are carried out by acquiring an array of spectra over a range of both
near-native and denaturing conditions to ensure adequate sampling of various pro-
tein states and significant variation of their respective populations within the
range of experimental conditions. The total number of protein conformers sam-
pled in the course of the experiment can be determined by subjecting the set of
collected spectra to singular value decomposition, SVD [54]. The ionic contribu-
tions of each conformer to the total signal can then be determined by using a
supervised minimization routine. Application of this method to several small
model proteins has yielded a picture of protein behavior consistent with that based
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on the results of earlier studies that utilized a variety of orthogonal biophysical
approaches [53, 55-59].

7.3.3 Hydrogen/Deuterium Exchange MS

Perhaps one of the most popular and powerful MS-based experimental tools that is
now widely used to study protein architecture and conformational dynamics is
hydrogen-deuterium exchange (HDX). The analytical value of HDX as a tool for
probing macromolecular structure was recognized almost immediately after the dis-
covery of deuterium [60] and subsequent development of the methods of production
of heavy water. Initial studies of the exchange reactions between organic molecules
and ?H,0 carried out by Bonhoeffer and colleagues indicated that the exchange rate
is very high for hetero-atoms (e.g., —OH groups), while the hydrogen atoms attached
to carbon atoms (e.g., —CH; groups) do not undergo exchange [61]. As early as mid-
1950s, Hvidt and Linderstrgm-Lang used HDX exchange to measure solvent acces-
sibility of labile hydrogen atoms as a probe of polypeptide structure [62, 63], and
Burley et al. suggested that the extent of deuterium incorporation into a protein
molecule can be measured by monitoring its mass increase [64]. However, it was
not until much later that the advent of ESI and MALDI MS dramatically expanded
the range of biopolymers for which the extent of deuterium incorporation could be
measured by monitoring the protein mass evolution directly under a variety of con-
ditions [65].

While MS is not the only means of detection that can be used for HDX measure-
ments (high-resolution NMR is another popular choice), MS does offer several
important advantages, namely faster time scale, tolerance to high-spin ligands and
cofactors, ability to monitor the exchange in a conformer-specific fashion, as well
as much more forgiving molecular weight limitations. The ability of MS to handle
larger proteins and their complexes is particularly important when compared to
high-field NMR, which still has limited application for proteins larger than ca.
30 kDa. Another significant advantage offered by ESI MS is its superior sensitivity,
which allows many experiments to be carried out using only minute quantities of
proteins.

7.3.3.1 Basic Principles of Protein HDX

HDX targets all labile hydrogen atoms (i.e., those attached to nitrogen atoms at the
backbone amides and heteroatoms at polar/charged side chains), although many
labile hydrogen atoms would not readily undergo HDX due to their involvement in
hydrogen bonding network or sequestration from the solvent in the protein interior.
Therefore, protein HDX involves two different types of reactions: (1) reversible pro-
tein unfolding that disrupts the H-bonding network and/or exposes buried segments
to solvent and (2) isotope exchange at individual unprotected sites. Since protein
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Fig. 7.13 Intrinsic exchange
rates of several types of labile
hydrogen atoms as functions
of solution pH. Reproduced
with permission from [132]
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unfolding (either local or global) is a prerequisite for exchange at the sites that are
protected in the native conformation, HDX reactions serve as a reliable and sensitive
indicator of the unfolding events (protection means either involvement in the hydro-
gen bonding network or sequestration from solvent in the protein core). However,
conformation and dynamics are not the only determinants of the HDX kinetics.
Even in the absence of any protection, the exchange kinetics of a labile hydrogen
atom is strongly dependent on the nature of the functional group. Furthermore, the
exchange rate is strongly influenced by a variety of extrinsic factors, most notably
solution pH and temperature, and the intrinsic rate constant can be expressed as [66]

k. =k JH"1+k

int base

[OH 1+ky, (7.4)

The pH dependence of the cumulative intrinsic exchange rate for several types of
labile hydrogen atoms, calculated based on the data compiled by Dempsey [66] is
presented in Fig. 7.13.

Backbone amide hydrogen atoms constitute a particularly interesting class of
labile hydrogen atoms due to their uniform distribution throughout the protein
sequence, which makes them very convenient reporters of protein dynamics at the
amino acid residue level (proline is the only naturally occurring amino acid lacking
an amide hydrogen atom). Therefore, it is not surprising that the majority of HDX
MS experiments are concerned with the exchange of the backbone amide hydrogen
atoms. The mathematical formalism that is often used to describe HDX kinetics of
backbone amides was introduced several decades ago and is based upon a simple
two-state kinetic model [67]:

kop King

NH | protected )= NH (unprotected)—ND(unprotected ) = ND( protected), (7.5)

ket
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where k,, and k, are the rate constants for the opening (unfolding) and closing
(refolding) events that expose/protect a particular amide hydrogen to/from exchange
with the solvent.

In most HDX studies the exchange-incompetent state of the protein is considered
to be its native state. The exchange-competent state is thought of as a nonnative struc-
ture, which can be either fully unfolded (random coil) or partially unfolded (interme-
diate states). Alternatively, it can represent a structural fluctuation within the native
conformation, which exposes an otherwise protected amide hydrogen to solvent tran-
siently through local unfolding or “structural breathing” without large-scale structure
loss [68, 69]. Transitions between different nonnative states under equilibrium condi-
tions are usually ignored in mathematical treatments of HDX, since the majority of
HDX measurements are carried out under native or near-native conditions.

7.3.3.2 Global HDX MS Measurements

HDX MS measurements can provide information on global protection by measur-
ing the deuterium content of the entire protein, rather than the exchange kinetics of
individual amide hydrogen atoms (as done by high-resolution HDX NMR). Still,
interpretation of HDX MS data often utilizes the kinetic model (7.5) by making an
implicit assumption that NH(protected) and NH(unprotected) represent groups of
amides, rather than individual amides that become unprotected upon transition from
one state to another. Two extreme cases are usually considered: a situation when
k> ki, and k< k;,. The former case (referred to as the EX2 exchange regime) is
commonly observed under native or near-native conditions, when each unfolding
event is very brief, and its lifetime (1/k) is much shorter than the characteristic time
of exchange of an unprotected labile hydrogen atom (1/k;,). In this case the proba-
bility of exchange for even a single amide during an unfolding event will be very
low, and the overall rate of exchange will be defined by both the frequency of
unfolding events (k,,) and the probability of exchange during a single opening event:

K =k, (ki 1 k) = Koy - K (7.6)

int
where K is an effective equilibrium constant for the unfolding reaction, which is
determined by the free energy difference between the two states of the protein. The
overall exchange rate constant k™°X in this case is a camulative rate of exchange, i.e.,
an ensemble-averaged rate of deuterium incorporation into a molecule, and is mea-
sured as a mass shift of the isotopic cluster of a protein ion as a function of HDX time.

The opposite extreme (k< k;,) is observed either when the protein is placed
under denaturing conditions (which dramatically decreases the refolding rate k), or
by increasing the intrinsic exchange rate (e.g., by elevating the protein solution
pH—see Fig. 7.13). As a result, the lifetime of the unprotected states become long
enough to allow all exposed labile hydrogen atoms to be exchanged during a single
unfolding event. In this case (commonly referred to as the EX/ exchange regime)
the exchange rate will be determined simply by the rate of protein unfolding:
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KPX = ko (1.7)

op

HDX MS measurements carried out under the EX1 conditions typically give rise
to bi- or multimodal isotopic distributions, where the deuterium content of each part
reflects the backbone protection levels of distinct protein conformers. This gives
HDX MS the unique ability to visualize and track multiple protein states that may
coexist in solution under equilibrium [70].

7.3.3.3 Local HDX MS Measurements

Replacement of each hydrogen with a deuteron (or vice versa) results in a protein
mass change of about 1 Da, which makes MS a very sensitive and reliable detector
of the progress of protein HDX reactions. Mass measurements of proteins undergo-
ing HDX are usually carried out following rapid acidification of the protein solution
to pH 2.5-3 and lowering the temperature to 0—4 °C, which results in significant
deceleration of the chemical (intrinsic) exchange rates of backbone amide hydrogen
atoms (see Fig. 7.13). These conditions, known as HDX quenching or slow exchange
conditions, also result in unfolding of most proteins. Since the intrinsic exchange
rates of labile side chain hydrogen atoms are not decelerated as significantly as
those for backbone amides, all information on the side chain protection is generally
lost during this step, leaving a single HDX reporter for each amino acid residue
(again, with the exception of proline residues). Another fortunate consequence of
quench-induced protein denaturation is dissociation of all non-covalently bound
ligands (ranging from metal cations and small organic molecules to other biopoly-
mers) from the protein. Therefore, measuring the protein mass under these condi-
tions provides information only on the protein conformation and stability, rather
than composition of non-covalent complexes formed by the protein and its ligands.
In addition to characterizing protein conformation and stability globally, the protein
can be digested with an acidic protease (e.g., pepsin) under the slow exchange con-
ditions, and MS (usually following quick desalting and fast LC separation) can be
used to measure the deuterium content of each proteolytic fragment. This produces
information on protein conformation and dynamics at the local level. A typical
workflow diagram of an HDX MS experiment is shown in Fig. 7.14.

Spatial resolution offered by HDX MS is usually limited only by the extent of
proteolysis, which (along with other sample-handling steps) must be performed
relatively quickly under the slow exchange conditions to avoid occurrence of sig-
nificant back-exchange prior to MS measurements of the deuterium content of indi-
vidual peptide fragments. In general, a large number of proteolytic fragments,
particularly overlapping ones, would lead to greater spatial resolution, and hence
more precise localization of the structural regions which have undergone exchange.
In some cases, this may allow the backbone amide protection patterns to be deter-
mined at single-residue resolution [71], although such instances remain very rare.
Supplementation of enzymatic digestion with peptide ion fragmentation in the gas
phase may also enhance the spatial resolution of HDX MS measurements [72], but
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Fig.7.14 Schematic representation of HDX MS work flow to examine protein higher order struc-
ture and conformational dynamics. The exchange is initiated by placing the unlabeled protein into
a D,0O-based solvent system (e.g., by a rapid dilution). Unstructured and highly dynamic protein
segments undergo fast exchange (blue and red colors represent protons and deuterons, respec-
tively). Following the quench step (rapid solution acidification and temperature drop), the protein
loses its native conformation, but the spatial distribution of backbone amide protons and deuterons
across the backbone is preserved (all labile hydrogen atoms at side chains undergo fast back-
exchange at this step). Rapid clean-up followed by MS measurement of the protein mass reports
the total number of backbone amide hydrogen atoms exchanged under native conditions (a global
measure of the protein stability under native conditions), as long as the quench conditions are
maintained during the sample work-up and measurement. Alternatively, the protein can by digested
under the quench conditions using acid-stable protease(s), and LC/MS analysis of masses of indi-
vidual proteolytic fragments will provide information on the backbone protection of corresponding
protein segments under the native conditions. Reproduced with permission from [133]

this technique has yet to be commonly accepted due to concerns over the possibility
of introducing gas phase artifacts [73]. In addition to limited spatial resolution,
HDX MS measurements frequently suffer from incomplete sequence coverage,
especially when applied to larger and extensively glycosylated proteins. Proteins
with multiple disulfide bonds constitute another class of targets for which adequate
sequence coverage is difficult to achieve, although certain changes in experimental
protocol can alleviate this problem, at least for smaller proteins [74]. Typically, an
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Fig. 7.15 Localization of the receptor binding interface on the surface of human serum transferrin
(Tf) with HDX MS. Left panel: HDX MS of Tf (global exchange) in the presence (blue) and the
absence (red) of the receptor. The exchange was carried out by diluting the protein stock solution
1:10 in exchange solution (100 mM NH,HCO; in D,O, pH adjusted to 7.4) and incubating for a
certain period of time as indicated on each diagram followed by rapid quenching (lowering pH to
2.5 and temperature to near 0 °C). The black trace shows unlabeled protein. Right panel: isotopic
distributions of representative peptic fragments derived from Tf subjected to HDX in the presence
(blue) and the absence (red) of the receptor and followed by rapid quenching, proteolysis, and LC/
MS analysis. Dotted lines indicate deuterium content of unlabeled and fully exchanged peptides.
Colored segments within the Tf/receptor complex show localization of these peptic fragments
(based on the low-resolution structure of the complex). Adapted with permission from [73]

80 % level of sequence coverage is considered good, although significantly lower
levels may also be adequate, depending on the context of the study.

An example of using HDX MS to probe protein conformation and dynamics, as
well as to identify binding interface regions in a protein/receptor complex is shown
in Fig. 7.15, where hydrogen exchange kinetics are measured for a diferric form of
human serum transferrin (Fe,Tf) alone and in complex with its cognate receptor.
Both Tf-metal and Tf-receptor complexes dissociate under the slow exchange con-
ditions prior to MS analysis; therefore, the protein mass evolution in each case
reflects solely deuterium uptake in the course of exchange in solution (left panel in
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Fig. 7.15). The extra protection afforded by the receptor binding to Tf persists over
an extended period of time, and it may be tempting to assign it to shielding of labile
hydrogen atoms at the protein—receptor interface. However, this view is overly sim-
plistic, as the conformational effects of protein binding are frequently felt well
beyond the interface region. The difference in the backbone protection levels of
receptor-free and receptor-bound forms of Fe,Tf appears to grow during the initial
hour of exchange, reflecting significant stabilization of Fe,Tf higher order structure
by the bound receptor. Indeed, while the fast phase of HDX is often ascribed to
frequent local fluctuations (transient perturbations of higher order structure) affect-
ing relatively small protein segments, the slower phases of HDX usually reflect rela-
tively rare, large-scale conformational transitions, such as transient partial or
complete protein unfolding [75].

Evolution of the deuterium content of various peptic fragments of Fe, Tf (right
panel in Fig. 7.15) reveals a wide spectrum of protection, which is distributed very
unevenly across the protein sequence. While some peptides exhibit nearly complete
protection of backbone amides (e.g., segment [396—408] sequestered in the core of
the protein C-lobe), exchange in many others is fast (e.g., peptide [612—-621] in the
solvent-exposed loop of the C-lobe). The influence of receptor binding on backbone
protection is also highly localized. While most segments appear to be unaffected by
the receptor binding, there are several regions where exchange kinetics are notice-
ably decelerated (e.g., segment [71-81] of the N-lobe, which contains several amino
acid residues that form the Tf/receptor interface according to the available model of
the complex based on low-resolution cryo-EM data [76]).

7.3.3.4 Local HDX MS Measurements Using a Top-Down Approach

An alternative method to probe HDX kinetics locally that does not require proteo-
lytic fragmentation prior to MS analysis takes advantage of the ability of modern
mass spectrometers to produce a wealth of structural information in tandem (MS/
MS) experiments at the protein level (the top-down approach to protein sequencing
discussed in Sect. 7.2.1.2). One unique advantage of the top-down HDX MS mea-
surements that cannot be matched by the classic bottom-up type experiments is the
ability to obtain protection patterns in a conformer-specific fashion. This can be
accomplished by fragmenting subpopulations of protein ions, which are mass
selected to include species with deuterium content representative of a certain pro-
tein conformer (this, of course, can be accomplished only under conditions favoring
EX1 exchange regime in solution, so that different protein conformers can be visu-
alized based on different levels in deuterium incorporation).

Despite the great promise of top-down HDX MS [73], applications of this tech-
nique have been limited so far due to concerns over the possibility of hydrogen
scrambling accompanying dissociation of protein ions in the gas phase. Several
recent studies demonstrated that the extent of scrambling is indeed negligible when
ECD [77] or ETD [78] is used as a means of generating fragment ions in top-down
HDX MS experiments. In addition to allowing hydrogen scrambling to be
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eliminated in the top-down HDX MS experiments, both ECD and ETD appear to be
superior to collisional activation in terms of generating a larger number of structur-
ally diagnostic ions [79], allowing both better sequence coverage and enhanced
spatial resolution to be achieved. In fact, in some cases it becomes possible to gener-
ate patterns of deuterium distribution across the protein backbone down to the sin-
gle-residue level [77, 80].

7.3.4 Chemical Cross-Linking of Proteins

Chemical cross-linking is a classical biochemical technique used to characterize
protein conformation, and it benefits tremendously from the ability of modern MS
to detect and identify the products of the cross-linking reactions. Cross-linking
reagents are generally classified based on their chemical specificity and the length
of the spacer arm (cross-bridge formed between the two cross-linked sites when
the reaction is complete). The chemical specificity of a cross-linker determines the
overall pool of reactive groups within the polypeptide that may participate in the
cross-linking reaction. Eight out of the 20 amino acid side chains are chemically
reactive with good selectivity: Arg (guanidinyl), Lys (e-amine), Asp and Glu ($- and
y-carboxylates), Cys (sulfthydryl), His (imidazole), Met (thioether), Trp (indoyl),
and Tyr (phenolic hydroxylate) [81], although virtually no reagent is absolutely
group-specific.

Monofunctional (or zero-length) cross-linkers induce direct coupling of two
functional groups of the protein without incorporating any extraneous material into
the protein. Obviously, this becomes possible only if the two functional groups are
in a very close proximity to each other, in which case the cross-linker operates as a
condensing agent, resulting in the cross-linked residues becoming directly inter-
joined. Bifunctional cross-linkers, on the other hand, contain two reagents linked
through a spacer arm, thus allowing the coupling of functional groups whose sepa-
ration does not exceed the spacer’s length. Bifunctional reagents are further subdi-
vided into homobifunctional (i.e., both cross-linking groups within the reagent
targeting the same reactive groups on the protein) and heterobifunctional cross-
linkers (coupling different functional groups on the protein).

Heterobifunctional cross-linkers may incorporate a photosensitive (nonspecific)
reagent in addition to a conventional (group-specific) functionality. Such photosen-
sitive groups react indiscriminately upon activation by irradiation. Once the specific
end of such a cross-linker is anchored to an amino acid residue, the photo-reactive
end can be used to probe the surroundings of this amino acid. More information on
chemical cross-linkers can be found in several excellent reviews on the subject [82—
85] and an outstanding book by Wong [81].

MS-assisted cross-linking studies usually aim to identify the pairs of cross-linked
residues within the protein or protein complex. Such information may provide
through-space distance constraints that are extremely valuable for defining both ter-
tiary (intra-subunit cross-links) and quaternary (inter-subunit cross-links) organiza-
tion of the protein when no other structural information is available. Confident
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permission from [86]

assignment of the pairs of coupled residues within the cross-linked protein(s) is a
rather challenging experimental task. A combination of proteolysis, separation
methods (e.g., LC), and mass spectrometry (and, particularly, MS/MS) provides
perhaps the most elegant and efficient way of solving this problem [84, 86, 87].
Figure 7.16 shows a workflow of a typical cross-linking experiment. Separation of
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proteolytic fragments prior to MS analysis usually results in significant improve-
ments in sensitivity by eliminating possible signal suppression effects that may oth-
erwise result in discrimination against larger (cross-linked) fragments [86]. Although
peptide mapping alone can sometimes lead to confident identification of the cross-
linked residues [88—90], unambiguous assignment of cross-linked peptides requires
that MS/MS sequencing of the proteolytic fragments be carried out [91, 92].

As the amount of information deduced from cross-linking experiments increases,
so does the complexity of data interpretation, and the tools of bioinformatics become
absolutely essential to interpret the results of cross-linking experiments [93]. The
task of assigning the cross-linked peptides and localizing the modification sites can
be greatly assisted by a variety of automated algorithms that use MS or MS/MS data
as input [86, 93]. The database mining approach to identification of cross-linked
peptides mentioned earlier in this section [94] can be used even in a situation when
the protein complex composition is not known a priori [95]. More sophisticated
approaches, such as Xlink-Identifier [96], allow the cross-linking sites to be local-
ized with high precision by identifying inter- and intra-peptide cross-links in addi-
tion to dead-end products and underivatized peptides. Another comprehensive
cross-linking data analysis platform is MS-Bridge [97], which is part of the Protein
Prospector MS data analysis suite. While these platforms were developed to support
label-free analyses, several other algorithms have been developed to take advantage
of isotopically tagged cross-linkers [98—101]. A comprehensive list of data analysis
programs developed for interpretation of the results of cross-linking experiments
can be found in a recent review article [87].

7.3.5 Chemical Labeling

Selective chemical modification [102] is another classical biophysical technique that
benefitted tremendously from the recent progress in MS hardware and methodol-
ogy. The unique ability of MS to localize both shielded and modified residues within
a protein molecule transformed the chemical labeling technique to a highly efficient
probe of higher order macromolecular structure. Most chemical modifications of an
amino acid side chain alter the protein mass, hence the appeal of mass spectrometry
as a readout tool for the outcome of such experiments. Interpretation of the MS and
MS/MS data on chemically modified proteins is usually relatively straightforward
(as compared to the analysis of cross-linked proteins) and greatly benefits from a
vast arsenal of experimental tools developed to analyze PTM of proteins.

In a typical experiment, protein exposure to a certain chemical probe is followed
by digestion of the modified protein with a suitable proteolytic enzyme, and mass
mapping of the fragment peptides. The position(s) of the modified residue(s) within
each proteolytic fragment can be reliably established using tandem mass spectrom-
etry, as the presence of a chemical modification manifests itself as a break or a shift
in the ladder of the expected fragment ions. Inter-subunit binding topology is usu-
ally determined by comparing modification patterns of the protein obtained in the
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presence and in the absence of its binding partner [103], although the two experi-
ments can be combined if the labeling agent contains a stable isotope tag [104]. An
added benefit of using isotope tags is the easy recognition and quantitation of label-
containing peptides and their fragments in MS and MS/MS spectra.

In addition to selective chemical labeling, protein conformation can also be char-
acterized with non-selective labeling, which also offers an additional advantage of
being able to determine the solvent exposure of several types of amino acids simul-
taneously in a single experiment. So far, the hydroxyl radical OH" is the most popu-
lar nonspecific modifier, due to its ability to induce side chain oxidation for a variety
of amino acids and the relative ease of its generation in solution. Although the
hydroxyl radical is relatively nondiscriminatory, and can modify virtually all types
of amino acid side chains [105], the most susceptible to OH" attack are side chains
containing sulfur atoms (Cys and Met), including disulfide-bonded Cys residues.
The least susceptible to the OH" attack are Gly, Asn, Asp, and Ala, whose reactivity
is three orders of magnitude lower than that of Cys. The great variety of OH-induced
oxidation products and the large number of potential targets place a premium on the
ability to detect and identify the modification sites. Usually proteolytic degradation
of the modified protein followed by LC/MS and MS/MS analyses is needed in order
to achieve reliable identification of oxidatively labeled amino acid side chains [105—
107]. As is the case with the analysis of the results of chemical cross-linking experi-
ments, extracting useful information from covalent labeling experimental data
greatly benefits from automation [108].

One important consideration that must be kept in mind when designing or inter-
preting the results of both selective chemical and nonselective (oxidative) labeling
experiments relates to the fact that structural information derived from such mea-
surements is reliable only if the protein maintains its conformation during the exper-
iment [109]. Most chemical modifications result in changing the charge of the
labeled amino acid residue, and a significant alteration of the protein surface charge
distribution may obviously result in conformational change. Furthermore, even the
sheer size of many groups used as covalent labels may interfere with the protein’s
ability to maintain its conformation by creating steric constraints, but despite the
extreme seriousness of this concern, less than half of all studies utilizing selective
chemical labeling that were conducted in the past decade employed any means of
ensuring the integrity of protein higher order structure during the experiments [109].
Artifacts associated with the influence of chemical modifications on the protein
conformation can be avoided by limiting the number of modifications to one per
protein molecule (in this way, reactivity of any amino acid side chain is determined
only by the unperturbed protein structure [109]). While the extent of protein modi-
fication can be kept low to minimize conformational perturbations [106], this inevi-
tably has a negative impact on the sensitivity of the measurements. A very elegant
solution to this problem is based upon the realization that the extent of artifacts
introduced by chemical labeling depends not only on the extent of protein oxidation
but also on the time frame of the oxidation process [110]. Should this reaction time
window be significantly narrow compared to the time scale of conformational
changes (sub-millisecond range), the labeling pattern would reflect only the native



7 Mass Spectrometry 247

structure of the protein, even if the number of modified sites on each protein is sig-
nificant. These considerations form the basis of a highly successful technique called
fast photochemical oxidation of proteins (FPOP), where solvent-exposed amino
acid residues are oxidized by OH" radicals produced by the photolysis of H,O,.
FPOP is designed to limit protein exposure to radicals to <1 ps by employing a
pulsed laser for initiation to produce the radicals and a radical-scavenger to limit
their lifetimes [111].

7.3.6 Higher Order Structure of Other Biopolymers

7.3.6.1 DNA Higher Order Structure

Until very recently, there was substantially less interest in developing MS-based
methods to probe higher order structure of DNA molecules, since they were thought
to adopt only relatively few favored conformations (unlike proteins). Nevertheless,
apart from the Watson—Crick double helical DNA structure (which is also known as
the B-form DNA), a large number of other structures have been shown to exist,
which either differ from the B conformation by arrangement of the two strands in
the double helix (the so-called A and Z conformations), or by incorporating more
than just two strands (e.g., triplexes and quadruplexes) [112]. Several of these non-
classical DNA conformations came to prominence recently either due to their
importance in designing novel therapeutic strategies [113] or for their potential use
in nano-technological applications, e.g., as scaffolds of building blocks in molecu-
lar devices [114].

Similar to the studies of protein non-covalent complexes discussed in Sect. 7.3.1,
ESI MS can also be used to obtain mass spectra of intact double-stranded DNA
[115], as well as tetramers of short oligonucleotides that assemble to form
G-quadruplex-like structures [116, 117]. Direct ESI MS measurements have also
been successful as a means of monitoring DNA interaction with small ligands, most
notably DNA-targeting drugs. Numerous studies have been published where this
technique was employed to evaluate not only the stoichiometry of such non-covalent
complexes but also their binding affinity (reviewed in [118, 119]). Information on
DNA higher order structure can also be provided by using selective chemical label-
ing and chemical cross-linking combined with MS analysis of the products, a tech-
nique similar to those discussed in Sects. 7.3.4 and 7.3.5. While a range of chemical
probes for DNA structure are available [120], mass spectrometry has not been a
prominent player in this field until recently. This is beginning to change, with the
realization of the enormous potential of this technique as a tool to provide rapid and
sensitive characterization of the reaction products of both cross-linking [121] and
chemical labeling [122].
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7.3.6.2 Higher Order Structure and Dynamics of RNA

Unlike DNA, RNA molecules are known to form a rich variety of secondary and
tertiary structures that make them extremely versatile, but the biophysical tools for
the study of RNA structure are still somewhat less mature than those for studies of
proteins. Among other things, HDX measurements have been employed to investi-
gate structure in RNA using NMR [123, 124] and Raman spectroscopy [125].
Although the glycosidic hydrogen atoms exchange rapidly, it is possible to measure
protection of the base amino and imino protons that are involved in structure, which
provides information about base-pairing as opposed to bases that are involved in
single stranded regions and/or bulges. While these exchange reactions are still too
fast to be followed in solution by MS, hydrogen/deuterium exchange can be carried
out in the gas phase, a method that shows promise for determining structural ele-
ments in oligonucleotides [126, 127].

Hydroxyl radical modification has been very successful as a means of probing
oligonucleotide structure in solution, although other chemical modifications can be
employed to investigate RNA structure as well. A variety of reagents are available
that act as solvent accessibility probes, since they are unable to modify nucleotides
involved in base-pairing, stacking, or other tertiary interactions. A similar approach
can be used to probe RNA structure and RNA-protein interactions [128, 129],
where the extent of chemical labeling is monitored by MS, and subsequent diges-
tion with ribonuclease and analysis of the resulting fragments by high resolution
MS allows the modification sites to be localized. In addition to solvent accessibility
information, chemical labeling can also provide a measure of structural flexibility of
RNA molecules [130]. Recently, a technique dubbed MS3D [92] was introduced to
probe higher order structure of RNA, the workflow for which is shown in Fig. 7.17
[131]. Essentially, the structure of the polynucleotide under native conditions is
probed by a series of chemical footprinting reagents. These solvent accessibility
probes have varying specificity for different bases, and their reactivity is limited by
the presence of base-pairing, stacking, or other tertiary interactions. Following
labeling, the sites of modification are determined by a combination of bottom-up
(digestion with ribonucleases) or top-down (gas phase fragmentation) methods.
Additional MS/MS techniques can be used to pinpoint the labeled site to the indi-
vidual nucleotide.

7.4 Current Challenges and Future Directions

Mass spectrometry has truly become a routine analytical tool in diverse fields of
molecular biophysics and structural biology, although many areas remain where it
still faces significant challenges. For examples, several classes of proteins are noto-
riously difficult to analyze using MS-based approaches, and chief among them are
membrane proteins. The strongly hydrophobic or amphipathic character of mem-
brane proteins results in their general insolubility, which makes any experimental
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study of these proteins an extremely difficult undertaking. Mass spectrometry is not
an exception, since even sequencing of membrane proteins is often problematic due
to their extreme instability in solutions that are commonly used in MS work. Another
obstacle to MS analysis is presented by protein aggregation, a process that is now at
the cross-hair of biophysical research due to its obvious importance in the etiology
of the so-called conformational diseases (such as Alzheimer’s and Parkinson’s), as
well as its importance in the burgeoning biotechnology and biopharmaceutical sec-
tors. Finally, mass spectrometry increasingly finds itself in the midst of the on-going
paradigm shift affecting the entire field of biophysics and structural biology, namely
breaking away from the reductionist description of various biophysical and bio-
chemical phenomena, and embracing the enormous complexity of living systems.
While MS in general played a very visible role in catalyzing this shift (particularly
in the fields of proteomics and interactomics), many more traditional MS-based
approaches to study architecture and dynamics of biological molecules were slow to
respond. Clearly, biological MS is and will continue to be a very dynamic area of
research, which will certainly continue to evolve and make important contributions
to the Life Sciences in general, and advance the fields of biophysics and structural
biology in particular.
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